T he concept of a placebo-controlled drug trial has evolved considerably during the past few decades. New therapies can no longer be tested against an untreated group. Today, new therapies must show clinically significant results over and above the effects of standard therapy over time.
function obtained using 3 imaging modalities, 2D transthoracic echocardiography (2DTTE), 3D transthoracic echocardiography (3DTTE), and CMR, as potential imaging-based end points in a hypothetical drug trial for patients with PAH. Because patients in the control arm in such a trial would be on personalized standard therapy that could not be withheld and additionally be influenced by variations in volume status related to an individual's daily lifestyle decisions, this study was designed to incorporate into the sample size calculation changes in the measured parameters over time, attributed to both the effects of the standard treatment, the individual lifestyle decisions, and the intrinsic measurement variability of each technique.
Specifically, we sought to determine the sample sizes necessary to detect the effects of a new drug using these imaging modalities and the costs associated with their use. Accordingly, we first used a group of patients with PAH to study the effects of standard therapy and individual lifestyle decisions on various RV size and function parameters over time. We then used this information to determine the sample sizes required to detect a series of incremental changes in these parameters over time. Finally, we performed a cost analysis to determine what would be the least costly modality to use in a hypothetical standard-therapy-controlled drug trial. As a secondary goal, we aimed to develop a model for sample size determination that could be extrapolated to other disease states needing efficacy evaluation on top of standard therapy.
Methods

Patient Population and Follow-Up
Patients with PAH were prospectively recruited from the dedicated Pulmonary Hypertension (PH) Clinic at the University of Chicago, one of the largest national referral centers for patients with PAH. Patients were eligible for the study if they: (1) had documented PH on right heart catheterization, based on mean pulmonary artery pressure >25 mm Hg, pulmonary capillary wedge pressure, left atrial pressure or left ventricular end-diastolic pressure ≤15 mm Hg, and a pulmonary vascular resistance >3 Wood units at rest; (2) were categorized as World Health Organization (WHO) group 1 PH (revised WHO Classification); 17 (3) were ≥18 years of age; and (4) were able to complete baseline and 6-month follow-up imaging studies. Patients were ineligible if they had standard contraindications to CMR, such as implanted defibrillator or pacemaker, claustrophobia, or inability to perform repeated breath holds.
Each patient had a complete clinical assessment with a PH specialist, including basic demographics, pathogenesis of PAH, WHO functional class, and medication history. Subsequently, each patient underwent 2DTTE, 3DTTE (iE33, Philips), and CMR imaging on the same day. Patients were scheduled for repeat imaging ≈6 months later. Written informed consent was obtained from all patients. The study was approved by the institutional review board.
Cardiovascular MRI
Images were acquired using a 1.5-Tesla scanner (Achieva, Philips; The Netherlands). Retrospectively, ECG-gated cardiac cine images were acquired using a steady-state free-precession pulse sequence (repetition time, 2.9 ms; echo time, 1.5 ms; flip angle, 60°; and temporal resolution, ≈30-40 ms) as a series of short-axis slices (6 mm thickness with 4 mm gap), including both right and left ventricles from base to apex. Images were analyzed (Philips ViewForum; The Netherlands) by a level-III CMR-trained imaging specialist to calculate RV end-diastolic volume (RVEDV), RV end-systolic volume, and RVEF ( Figure 1 ). Delineation of RV boundaries at end diastole and end systole was performed manually for each slice. On the most basal slices, the right ventricle was differentiated from the right atrium by advancing the cine loop frame by frame throughout systole. If the cavity was becoming smaller and the myocardium thicker, it was included in the RV volume, whereas portions of the cavity that were becoming larger and did not show wall thickening were considered part of the atrium. Endocardial trabeculae were included in the RV cavity. Disk summation was used to calculate volumes.
Two-Dimensional Transthoracic Echocardiography
Comprehensive 2D and Doppler evaluation was performed by an experienced sonographer using the iE33 imaging system equipped with an S5 transducer (Philips Healthcare; Andover, MA). Digital cine loops of the apical 4-chamber view (including modified views to optimize visualization of the RV free wall) were acquired with careful attention to avoid foreshortening and stored digitally (Xcelera, Philips). Fractional area change (FAC), defined as [end-diastolic area−end-systolic area]/end-diastolic area×100, in the RV-focused apical 4-chamber view, was measured by an echocardiographer with level-III training in accordance with the guidelines 18 (Figure 2 ).
Three-Dimensional Transthoracic Echocardiography
3DTTE images of the right ventricle were acquired from a modified apical 4-chamber view using the same imaging system with a matrix array transducer (X5-1) by the same sonographer. Full-volume acquisition was performed using ECG gating for 4 consecutive cardiac cycles during a breath hold. 19 Digitally saved 3DTTE data sets were analyzed (4D Right Ventricle-Function 1.1, TomTec Imaging Systems; Unterschleissheim, Germany) by an echocardiographer with level-III training to quantify RVEDV, RV end-systolic volume, and RVEF. This required manual initialization of contours in user-defined end-systolic and end-diastolic frames in the apical 4-chamber, coronal, and sagittal views while including the trabeculae in the RV cavity ( Figure 3 ).
Statistical Analysis
Continuous variables were expressed as mean±SD. Baseline and follow-up measures were compared using paired t tests. P <0.05 was considered significant.
Measurement Reproducibility
All measurements were performed by 2 independent observers blinded to results from other modalities to assess interobserver variability. Interobserver variability was expressed in terms of intraclass correlation coefficient and percent variability, defined as the mean of the absolute differences between pairs of repeated measurements divided by their mean.
Sample Size Determination
Sample size calculations modeling a randomized-controlled drug trial were performed as follows. The study group was used to represent a sample of the standard-therapy-controlled group. For the purposes of this calculation, the treatment group was assumed to have mean baseline characteristics (WHO class, pathogenesis of PAH, severity of disease, etc) and SD of RV parameters similar to the control group. Sample size calculations were performed for the following parameters: FAC on 2DTTE, RVEF and RVEDV on 3DTTE, and RVEF and RVEDV on CMR.
Calculations used the 2-sample t test model, incorporating the difference between baseline and 6-month measurements and the SD of the differences to account for changes over time (PASS version 11). Sample sizes were calculated for 80% power and significance level α<0.05 using the following formula:
where n is the per-group sample size, SD is the standard deviation of the measured mean change over time (averaged over all patients), and μ 1 and μ 2 are the changes over time in the measured parameter in groups 1 (treatment group) and 2 (control group), such that μ 1 −μ 2 represented the intergroup difference in the changes over time that investigators in a hypothetical trial may wish to detect. Sample sizes required to detect [μ 1 −μ 2 ] difference equal to 5%, 10%, and 15% improvements in FAC, 3DTTE RVEF, and CMR RVEF and 15, 20, and 30 mL changes in 3DTTE RVEDV and CMR RVEDV were calculated.
Cost Analysis
Comparative cost analysis was performed from the perspective of an independent academic researcher who outsources all research-related diagnostic studies at fair market rates (see Appendix in the onlineonly Data Supplement for definition of terms). All values are reported in 2013 US dollars. We assumed that all participating centers were financially solvent through clinical activities. To estimate the relative cost difference between CMR and TTE, we estimated the marginal cost of performing each study using modified bottom-up and topdown approaches.
Using the bottom-up approach, US national average salaries for echocardiography and MRI technologists were obtained from the US Bureau of Labor and Statistics. Hourly labor cost was calculated assuming 50 weeks annually and 40 hours weekly. Study durations were estimated as follows: 60 minutes for CMR, 40 minutes for complete TTE, and 20 minutes for limited TTE with a focus on the right ventricle, which are consistent with the durations of these studies at our center and include setup and cleanup activities before and after each examination. The interpreting physician's opportunity cost per study was estimated using the 2013 Medicare fee schedule for the appropriate current procedural terminology codes for the studies in question: 93306 for a complete echocardiogram, 93308 for limited echocardiogram, and 75557 for CMR without contrast (CMS.gov/ apps/physician-fee-schedule/search/search-criteria.asp). It was assumed that an independent interpreting physician would fail to earn an amount equal to the standard Medicare professional fee for each research study interpreted. Incidental disposable costs such as syringes and linens were assumed to be similar for both methods and were ignored. In our calculation of marginal cost, fixed costs such as rent and equipment depreciation were ignored as well because the imaging center was assumed to be financially solvent through clinical activities alone. Therefore, using the bottom-up approach, the marginal cost of performing each study was estimated by adding the cost of technologist labor to the professional fee.
Using the top-down approach, Medicare global reimbursements for CMR, complete TTE, and limited TTE were obtained using the CPT codes listed above and used to estimate the opportunity cost to the imaging center performing each research study. The term global reimbursement refers to the sum of the professional and technical components of Medicare reimbursement obtained from the CMS Web site listed above. It was assumed that an otherwise independent and solvent clinical facility would fail to earn an amount equal to the standard Medicare global reimbursement for each research study performed because the clinical facility could not simultaneously perform a paid clinical study. Therefore, using the top-down approach, the estimated marginal cost is equal to the Medicare global reimbursement for a similar clinical study.
Sensitivity analyses were performed around Medicare reimbursement rates using the national average and the 90 different Medicare reimbursement localities. Sensitivity analyses were also performed around technologist labor costs to account for geographic variations.
Results
Of the 24 patients recruited for the study, 2 patients were eliminated because of loss to follow-up and poor quality of 3D images (8% dropout). The remaining 22 patients (54±13 years of age; 95% women) had baseline and 6-month followup studies (mean, 6.7±0.9 months). Of these patients, 9 (41%) were WHO functional class II at baseline. The majority of patients (14 of 22; 64%) were classified as idiopathic PAH or PAH secondary to connective tissue disease ( Table 1) . RV measurements for baseline and 6-month follow-up studies are shown in Table 2 . No significant differences were noted between 0-and 6-month measurements with CMR, 2DE, or 3DE, but the relatively large SDs reflected variable progression of disease and day-to-day lifestyle decisions in individual patients on standard therapy ( Table 2; Figures 4 and 5) .
Interobserver variability results are shown in Table 3 . Correlation between the repeated measurements depended heavily on the modality and the parameter. All parameters showed good to excellent intraclass correlation (0.8-0.99). Percent variability was worst for 2DTTE-derived FAC.
Sample size results are presented in Tables 4 and 5 . For EF parameters (3D RVEF and FAC), sample sizes required for 3DTTE and 2DTTE were identical. These sizes were roughly twice those required for CMR RVEF. For the RVEDV measurements, sample sizes required for 3DTTE were roughly 2.5× those required for CMR.
Cost Analysis
Using a bottom-up approach, we estimated the marginal cost to perform 1 CMR as $147.62 and 1 complete/limited TTE as $85.25/$36.51. This reflects component costs of technologist labor (estimated at $70 000/y or $35/h; study durations of 60, 40, and 20 minutes, respectively) and professional fees for interpretation (estimated using national averages of $112.15, $61.92, and $24.84, respectively). Although the marginal cost for each CMR was greater than that for a complete TTE, the far smaller sample size needed for CMR resulted in it being less costly than complete TTE. However, if limited TTE is performed, CMR is more costly than TTE because the far lower marginal cost of limited TTE (driven by the lower cost of interpretation) nullifies the effect of the larger sample size.
Similarly, using a top-down approach, we estimated the marginal cost to perform 1 CMR as $366.77 and 1 complete/ limited TTE as $189.51/$100.37. Consistent with our bottomup analysis, the marginal cost for each CMR was greater than the marginal cost for each complete TTE, but the smaller sample size needed for CMR resulted in it being less costly than complete TTE in the top-down analysis. However, if limited TTE is performed instead of complete TTE, CMR is again more costly because of the far lower marginal cost.
Because Medicare reimbursement rates vary across the United States (Tables 6 and 7) , we performed similar analyses using rates from each of the 90 different localities (Medicare Fee Schedule). Although reimbursement rates varied considerably (global fees: $272.81-$472.62 for CMR, $142.00-$243.56 for complete TTE, and $73.56-$130.73 for limited TTE; professional fees: $100.64-$152.40 for CMR, $55.64-$84.67 for complete TTE, and $22.50-$34.17 for limited TTE), the cost savings of CMR compared with complete TTE and the cost savings of limited TTE compared with CMR were preserved in all 90 localities because of strong correlation between the reimbursement rates for CMR and TTE. Geographic variation in technologist labor costs was trivial, and technologist labor was not a major driver of total cost.
Discussion
PAH is thought to be a result of endothelial dysfunction and adverse vascular remodeling secondary to a mixture of excessive cell proliferation, reduced apoptosis, thrombosis, and vasoconstriction. Three main pathways play a role in this imbalance: the prostacyclin pathway, the NO pathway, and the endothelin pathway. 20 Currently available therapies, although designed specifically to target these pathways, are not associated with a clinically significant reduction in mortality and only a small improvement in exercise capacity 21 so that much still needs to be performed in the development of therapies with higher clinical effect. In meeting this goal, testing of therapies must also be performed using outcome measures that truly parallel survival, especially because the population of patients being targeted for drug therapy today is less symptomatic.
In this study, we evaluated several RV parameters measured by 2DTTE, 3DTTE, and CMR as potential end points to study the effects of new therapies in PAH. Sample sizes necessary to detect specific changes in RV function (RVEF and FAC) were ≈2× higher for 2DTTE and 3DTTE than CMR. With respect to volume, RVEDV is not a parameter of RV function, and accordingly, a 15-mL change in volume cannot be directly equated with a 5% change in RVEF. Nevertheless, our results showed that sample sizes required to detect 15, 20, and 30 mL changes in RVEDV were considerably larger than those required to detect 5%, 10%, and 15% changes in RVEF. In both top-down and bottom-up analyses, the marginal cost of CMR is greater than that of TTE. However, because of the higher sensitivity of CMR and smaller sample sizes needed to detect changes in RV size and function, CMR is less expensive than complete TTE in its total cost. However, if a limited TTE is performed instead, the total cost of CMR is higher. Although the marginal cost varies based on the method of estimation (top-down versus bottom-up) and geographic location, the cost patterns remained consistent.
RV Parameters as End Points in PAH Drug Trials
It is widely agreed that end points in PAH drug trials should be reliable, valid, reasonably easy to repeat, interpretable, and should reflect the effect of an intervention on clinical outcome. 22 RV function is a major determinant of functional capacity and prognosis in PAH. 23, 24 On CMR, large RV volume, poor RV function, and reduced left ventricular volume are strong independent predictors of mortality and treatment failure. 25 On echocardiography, significant RV enlargement/dysfunction and elevated myocardial performance (Tei) index 26, 27 are predictive of poor prognosis. Death from PH usually results from RV failure; thus, such changes in RV size and function as detected by imaging techniques should theoretically provide useful end points for trials. In the case of left heart disease, it is known that cardiac morphology changes can long precede hemodynamic changes. 28 Similarly, imaging may capture changes in the right heart before hemodynamic decompensation occurs.
Accounting for Changes in Standard Therapy
Placebo-controlled clinical trials in principle can no longer be performed in PAH because withholding current therapy, even for as short a time period as 12 to 16 weeks, worsens prognosis. 29 Previous studies have only taken into account the intermeasurement variability in the calculation of sample size. 30 We chose to study the effects of current therapy on RV function parameters over time and then to account for this variation in our sample size determination. We discovered that individual patients on standard therapy had widely variable changes in RV parameters over the chosen follow-up period, resulting in relatively large SDs and consequently no significant change in the group as a whole. To incorporate the changes in RV parameters over time, we used in the sample size calculation the average SD for the measured change over time, which takes into account both the change in the given parameter over time and the interobserver variability.
Sample Size Results
Because PAH is a rare disease, keeping the required sample size small is important. Given that it took >1 year to enroll the patients in this study, it is also true that the number of patients obtainable for any PAH drug study will likely be small.
The per-group sample size (see Equation) is directly proportional to the square of SD and inversely proportional to the square of the difference between the change over time in the 2 groups that one wishes to detect. Thus, the SD of the mean change over time in the population sample is the driving force for the calculated sample size. In our study, patients' responses to the standard therapy varied widely, resulting in large SDs (Table 2) , and as a result, the calculated sample sizes were relatively large. The SD of the changes over time is also affected by intrinsic measurement variability, which differed among parameters and modalities ( Table 3 ). The overall variability in 3DTTE and 2D FAC was greater than for CMR RVEF so that the sample size for RVEF using CMR was smaller than that for 2D or 3DTTE.
Of note, the calculated sample size needs to be put in perspective of intrinsic measurement variability. To detect a given change in the treatment group compared with the control group, that change must be larger than the intrinsic measurement variability. In this study, the desired 5% change for CMR RVEF and 3DTTE RVEF constituted 14% and 15% of the baseline values, respectively (Table 2) , whereas the corresponding interobserver variability values were 11.5% and 16% (Table 3) . Accordingly, for CMR, a 5% expected change is reasonable to detect because 14% is greater than 11.5%. However, a 5% expected change with 3DTTE may be more difficult to detect because 15% is similar to 16%. When the same principle is applied to volumes (CMR RVEDV and 3DTTE RVEDV) and FAC, the smallest expected changes in these parameters tested in this study (15 mL for volumes and 5% for FAC) were larger than the intrinsic variability of the respective technique. This means that these small changes would be difficult to detect with sample sizes calculated in this study, and larger samples would be required to achieve this goal.
Interobserver variability depends on the specific group of patients, as well as on the measurement methodology, which may vary between sites and among observers. Accordingly, it is important to evaluate measurement variability in the specific patient population that is to be studied in the hands of the observers who will be making the measurements. Measurement variability can be minimized by unifying measurement strategy between observers and sites.
Cost Analysis
The magnitude of cost difference between TTE and CMR may be relatively large or small depending on the degree of measurement sensitivity required (Tables 6 and 7) . These variations in relative cost are preserved across the 90 localities, with only small fluctuations in the relative cost between the imaging modalities. Opportunity cost was overwhelmingly the primary cost driver in our analysis. Although technologist labor cost varies by the duration of each study, this cost is far outweighed by opportunity cost and is therefore not a major driver. Geographic variation in opportunity cost (ie, Medicare reimbursement rates) was substantial ( Figure 6 ).
Limitations
Our choice to use RV imaging parameters as surrogate end points in PAH drug trials might be criticized because there is not enough evidence in the literature to support it and because of the large SDs in these parameters. However, RV size and function are known to be highly prognostic in these patients and are likely relevant in the assessment of improvement in response to new therapy. Accordingly, we think that RV imaging holds promise in this capacity. Another approach would be to use a composite outcome, such as a combination of 2DE FAC 51 13 6 Study assumes that SD of difference is the same for both groups. 2DE indicates 2-dimensional echocardiography; 3DE, 3-dimensional echocardiography; CMR, cardiovascular MRI; EDV, end-diastolic volume; RVEF, right ventricle ejection fraction; and FAC, fractional area change.
*Refers to the sample size required for either control or treatment group. Multiply by 2 to determine sample size required for the study. RV function with the 6-minute walk test. The effect of this strategy would require further study but could still be accomplished within the framework we proposed.
Our sample size calculations involved several assumptions that may not necessarily be true in every trial. Accordingly, our results may not be automatically extrapolated into every future PAH drug trial. Nevertheless, the reasoning used here to calculate sample size can be valuable for planning drug trials wherein standard therapy cannot be withheld.
One might question the size of our study cohort. It is important to remember that this cohort was used to obtain preliminary data to perform the sample size calculations, specifically the SDs of the relevant RV parameters measured in patients with PAH. There is no standard procedure to calculate the size of this preliminary cohort. We think that 22 is a reasonable number for this purpose, given the rarity of patients with PAH.
In performing the cost analyses, several key assumptions were made. First, it was assumed that the researcher would pay fair market rates for all services, a situation that often does not exist within universities or health systems, for which costs are frequently negotiated. Second, we assumed that the Medicare Fee Schedule reflected the true opportunity cost for each study. This assumption in turn assumes that the imaging center and interpreting physician would have performed a paid clinical study during the time of the research study. Any deviation from this assumption would alter the cost model. Third, we assumed the perspective of an independent researcher who outsources all imaging and is therefore not responsible for fixed costs, such as rent, maintenance, and insurance. However, in many circumstances, researchers purchase their own equipment and hire their own staff, which would also alter the cost model. Finally, there are several other costs that likely have an economic effect on an independent academic researcher. Namely, in a population of uncommon patients, doubling the sample size is associated with the cost of more staff, investigative pharmaceutical agents, patient incentives, and other costs that may overshadow the differences in imaging cost. These costs are difficult to estimate but must be anticipated in future clinical trials.
Conclusions
Echocardiography shows higher intrinsic measurement variability over time compared with CMR. The use of CMR not only allows for the reduction of sample size in PAH drug trials but also reduces overall cost, unless limited TTE is used. Information gleaned from this study could potentially help in the construction of future PAH drug trials, which choose to use imaging as an end point. Further, the design of this study could be used as a model for other disease states, wherein new therapy needs to be tested in addition to standard-of-care treatment.
